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ABSTRACT

We presentnew 10.8 and 18.2 km imagesof HR 4796A, a young A0 V star that was recently dis-
coveredto have a spectacular,nearly edge-on,circumstellar disk prominent at D 20 km (Jayawardhana
and coworkers; Koerner and coworkers). These new images, obtained with OSCIR (the University of
Florida Observatory Spectrometer/Camerafor the Infrared) at Keck I, show that the diskis size at 10
km is comparableto its sizeat 18 km. Therefore,the 18 kmEemitting dust may also emit some,or all, of
the 10 km radiation. Using these multiwavelength images,we determine a “characteristicil diameter of
2E3 km for the mid-infraredEemitting dust particles if they are spherical and composedof astronomical
silicates. Particles this small are expectedto be blown out of the systemby radiation pressurein a few
hundred years,and therefore these particles are unlikely to be primordial. Rather, as inferred in a com-
panion paper (Wyatt and coworkers), they are probably products of collisions that dominate both the
creation and the destruction of dust in the HR 4796A disk. Dynamical modeling of the disk, the details
of which are presentedin the companion paper, indicates that the disk surface density is relatively
sharply peaked near 70 AU, which agreeswith the mean annular radius deduced by Schneiderand
coworkers from their NICMOS images.Interior to 70 AU, the model density drops steeply by a factor
of 2 between70 and 60 AU, falling to zero by 45 AU, which correspondsto the edgeof the previously
discoveredcentral hole; in the context of the dynamical models, this “‘softil edge for the central hole
occurs becausethe dust particle orbits are noncircular. The optical depth of mid-infraredEemitting dust
in the hole is D 3% of the optical depth in the disk, and the hole is therefore relatively very empty. We
present evidence(D 1.8 signibcancefor a brightness asymmetry that may result from the presenceof
the hole and the gravitational perturbation of the disk particle orbits by the low-massstellar companion
or a planet. This “pericenter glow,1T which must still be conBrmed,results from a very small (a few AU)
shift of the diskis center of symmetry relative to the central star HR 7496A; one side of the inner bound-
ary of the annulus is shifted toward HR 4796A, thereby becoming warmer and more infrared-emitting.
The possible detection of pericenter glow implies that the detection of evencomplex dynamical etectsof

planetson disks is within reach.

Subjectheadings circumstellar matter E infrared: stars E stars: individual (HR 4796A)

1. INTRODUCTION

Planets form in dusty circumstellar disks, and so the
exploration of circumstellar disks contributes fundamen-
tally to a broader understandingof the origin and evolution
of our own and other planetary systems.Vega-type disks,
often called debris disks, are those that surround main-
sequencestars(seethe reviewby Backman& Parescel993).
Unlike the disks surrounding preEmain-sequencestars, the
dust massef debrisdisks are generallymuch smallerthan
0.01M , which is roughly the minimum massrequired for
the formation of a planetary systemlike our own (seeg.g.,
Beckwith & Sargent 1993; Strom et al. 1993).The lower
mass of debris disks conforms with the expectation that
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disks dispersewith time as the material accretesonto the
stars,forms planets,and/or is blown out of the systemge.g.,
Strom et al. 1993). The elucidation of these evolutionary
processess a key challengeof observationalastronomy.
High angular resolution, multiwavelength imaging of cir-
cumestellar disks can provide unique insight into thesepro-
cessessincea diskisdetailed structure should bear tracesof
its history and of any developing or mature planets. Until
recently,the disk surrounding the A5 star b Pictoris (Smith
& Terrile 1984; Telescoet al. 1988; Lagage& Pantin 1994;
Kalas & Jewitt 1995)was the only debris disk that was
spatially well resolved at optical or infrared wavelengths.
However, many new resultshave emergedover the pastfew
years,including the following : possibleoptical imaging of a
disk around the binary star BD ] 31i643(Kalas & Jewitt
1997) submillimeter imaging of impressive structure in
several debris disks, including the class archetype Vega
(Holland et al. 1998; Greaveset al. 1998) and D 20 km
imaging of the nearly edge-on-diskaround the AO V star
HR 4796A (Jayawardhana et al. 1998, hereafter J98;
Koerner et al. 1998, hereafterkK98), resultsthat wererecent-
ly complemented with NICMOS images revealing what
appearsto beasharply debneding (Schneideretal. 1999).
Here we presentnew 10.8and 18.2km images,obtained
at the Keck 1l telescopepf the HR 4796Adebris disk. Jura
(1991)brstdrew attention to HR 4796,pointing out that its
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TABLE 1
OSCIR OBSERVATIO®BHR 4796A

Filters N 1HW 18
i 0 ((410) I 10.8 18.2
HoKmM) 53 17
Integration time (sg...... 2784 3480
Total F, (Jyp.......c..tt. 0.188" 0.047  0.905"* 0.130
1p noise/pixel (mJy)...... 0.014 0.15
Stellar F, (Jyc............ 0.150 0.048
a Sco F| (6)7) P 817
c Aqgl FI (6)7) T 26
d Vir FI ()7 P 142

alntegration times correspondto both halvesof the chopper
cycle. They are the sum of the times for which the sourceitself
and the referencesky position wereprojectedonto the detector.

b The uncertainties for the 10.8 and 18.2 km Nux densities,
which are basedon the reproducibility of standard-star Nuxes,
are principally due to the presenceof light cirrus clouds. This
problem was more severefor the 10.8km than for the 18.2km
image.

¢ The 10.8km photospheric Nuxdensity was derived by Jura
etal. (1998)by extrapolating the K -band (2.2km) Nuxdensity to
10.8 km using the Kurucz (1979) model atmosphere for
T\ 9500K andlog g\ 4.0.The 18.2km Nuxdensityis derived
assumingthe 10.818.2km Nuxratio of Vega.

infrared spectralenergydistribution resembleghat of b Pic
but with twice the IR excess(L,JL,). The IRAS data
showedno discernibleemissionfrom’dust hotter than D 110
K, implying that thereis little dust closerto the star than 40
AU (Juraetal. 1993).The existenceof one or more planets
was suggestedas one of the possible causesof this central
hole in the dust distribution (Juraetal. 1995,1998).J98and
K98 determinedthat the diskisdiameteris D 3@@hich cor-
respondsto 200AU at the starlsdistanceof 67 pc, and they
conbrmeddirectly the existenceof the central hole. An espe-
cially signibcantaspectof the discovery is that, basedon
isochronebtting and the strong lithium absorption line, the
presumablycoevalcompanion HR 4796B,located 7A7 away
at P.A\\ 226j (Juraet al. 1993),is an M2BM3 preEmain-
sequence star with an age tightly constrained to be
(8" 3)] 106 yr (Stauter et al. 1995; Jura et al. 1998).
Observational and theoretical studies of our solar system,
including chronological data for meteorites, suggestthat
D 107 yr is a reasonableestimate of the timescalefor the
duration of the solar nebula and the growth of the planets
to nearly their Bnal masses(seereviews by Lissauer 1993
and Podosek & Cassenl994).Thus, the constraints on the
ageof HR 4796Aplaceit within a critical stageof planetary
disk evolution.

Our newimagesclarify the structure of the central clear-
ing zone, or hole, which may be indirect evidencefor a
planet orbiting HR 4796A (see,e.g.,Roques et al. 1994).
They may also reveal an asymmetry in the disk, possibly
conbrmedby the NICMOS images(Schneideret al. 1999),
which could reNecthe inNuenceof the stellar companion or
a hypothetical planet. Finally, thesemultiwavelength data
provide a reasonablebasis for estimating a characteristic
sizefor the mid-infraredEemitting dust particles,an estimate
with implications for our understanding of the disk evolu-
tion. Our results and discussion complement those in a
companion paperby Wyatt etal. (1999 hereafterw99).

2. MIDINFRAREIMAGINGVITHOSCIRTKECKII
We imaged HR 4796Ain the N (10.8km) and IHW 18
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FIG 1.EImages of HR 4796Amadewith OSCIR. North isup, and east
is to the left. The imagesfrom which the two contour plots were con-
structed were smoothed with a 3 pixel (FWHM), or 0AL9, Gaussian.For
both contour plots, the lowestcontour levelis about 4 timesthe smoothed
noise.(a) 10.8km imagewith contours (mJy arcsee-2) spacedlogarithmi-
cally at 6.4,9.9,15, 23, 36, 55, 85,132,203,and 312.The blledcircle is the
location of the peak brightness, with the value 480 mJy arcsee-2. The
crossesndicate the positions of the 18.2km lobes. (b) 18.2km imagewith
contours (mJy arcsee-2) spacedlinearly at 58,93,128,163,198,234,269,
304,339,and 374.The Plled circle indicatesthe presumedposition of the
star, where the brightnessis 362 mJy arcsee-2; (c) Unsmoothed version,
with linear brightnesslevels,of the 18.2km image.
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(18.2km) bandsat the Keck Il Telescopan 1998May 7E12
with OSCIR, the University of Florida mid-infrared

imager/spectrometer.OSCIR contains a 128] 128 pixel,
Si:As Blocked Impurity Band (BIB) array developed by
Boeing. The plate scalewas 00062 pixel~1 with the f/40
chopping secondaryat the Keck Il visitor bent-Cassegrain
port, which gave an array Deld of view of 7] 7/. We
useda guide star and the ot-axis autoguider,which ensured
excellent tracking and image stability, and the standard
chop/nod technique,with a chop frequencyof 4 Hz and a
throw of 8@@declination. The starsa Sco,c Agl, and d Vir

wereusedfor Nuxcalibration. The seeingwasgenerallyvery
good for our observations. Typical values of the FWHM

intensity of the observed point-spread functions (PSFs)
were0A32 at 10.8km and OA45 at 18.2km, comparedto the
difraction-limited values (j /D) of 0A2 and 0A37, respec-
tively. Quadratic subtraction of these implies 10E20 km

“seeindl of D 0A2F0A3 (which may include other contribu-

tions, e.g.,from autoguider jitter). The ditraction limits at
10and 18km correspondto 4 and 6 pixels,respectively and
thus OSCIR spatially samplesthe ditraction-limited PSF
more DPnely than conventional Nyquist sampling. We
encounteredlight cirrus throughout much of our Keck run.

By comparing observationswithin and among the nights,
we believethat we have beenable generallyto removethe
data for which the photometry is most uncertain. However,
because of the cirrus, some unquantibable uncertainty
remains in the photometry. Key properties of the obser-
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vations, including Nux densities and noise estimates,are
listed in Table 1. The imagesare presentedas contour plots
in Figures 1a and 1b. Figure 1c showsthe unsmoothed18.2
km image,which indicatesthe quality of the original data.

3. DISKMORPHOLOGYTHETHERMAINFRARED

The discoveryimagesclearly showedthe disk around HR
4796Ato be extendedat 18 km, but both teamsonly mar-
ginally resolvedit at 10 km (J98; K98). Figure 1 demon-
stratesthat the emissionridge correspondingto the edge-on
disk is well resolved at both 10 and 18 km in these new
images.For comparison,the PSFsdeterminedfrom nearby
stars are presentedin Figure 2 on both logarithmic and
linear brightnessscalesAt 10km, the disk is evidentasvery
low-level wings protruding from the strong stellar point
source (which, for convenient display, is therefore plotted
logarithmically in Fig. 1a). The ridge is much more promi-
nentat 18 km (plotted linearly in Fig. 1b). The line connect-
ing the two outer peaksis oriented along P.A.\ 26j" 2j,
and the maximum extent of the lowest 18 km contour
display in Figure 1 isabout 3AL, or 208 AU. The maximum
extentat 10km isabout 248, or 85%E90% that of the 18km
emission,and thus the 10 and 18 km sourcesare roughly
equal in sizealong the ridge. We also resolvedthe 18 km
disk along the minor axis,asindicated by the scansthrough
the lobesand a comparisonstar shownin Figure 3.

Three peaks of comparable brightnessare embeddedin
the 18 km ridge. Each of the two outer 18 km peaks,which
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FIG 2.EPlots of the point-spreadfunctions (PSFs)at 10.8and 18.2km basedon observationsof comparisonstars.North is up, and eastis to the left. All
plots are normalized to a maximum value of 100units located at the Blledcircle. (a) Linear 10.8km levels: 1, 12,23, 34,45,56,67,78,and 89. (b) Logarithmic
10.8km levels 1.3,1.9,2.8,4.2,6.2,9.2,13.7,20.2,29.9,44.3,and 65.5.(c) Linear 18.2km levels 8.0,18.2,28.4,38.6,48.8,59.0,69.2,79.5,and 89.7.(d)

Logarithmic 18.2km levels: 8.0,10.6,13.9,18.4,24.3,32.1,42.3,55.9,and 73.7.
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FIG 3.EComparison of minor-axis scansthrough the 18.2km lobesand a comparison star, which showsthat the lobesare resolvedalong the minor axis

of the disk. The northwest sideof the scanis to the right (positiveotsets).

we referto asthe lobes,is separatedfrom the central peak
by 048 (54 AU). The brightest region within the central 18
km contour is indicated in Figure 1b by a Plledcircle. That

point is slightly otset from the centroid of the highest
central contour; it lies on the line connectingthe two lobes
and halfway betweenthem. By imaging sequentially at the
two wavelengthswith the Keck Il visitor-port autoguiderin

operation, which facilitated accurateregistration, we deter-
mined that the central 18 km peak coincideswith the 10 km

peak to within 0A3. As describedbelow, most of the 10 km

emissionis direct starlight, and therefore the coincidence
betweenthe central 10 and 18 km peaksimplies that the
central 18 km peak also coincideswith the star, which we
thereforeassumes coincidentwith the Plledcirclein Figure

1b. In the 10 km contour plot in Figure la, we indicate
(crosse¥the location of the peaksof the 18 km lobes.The 18
km lobesclearly coincide with the 10 km wings, and there-
fore much, possibly most, of the 10 kmEemitting dust must
be mixed with, or identical to, the 18 kmEemitting dust. The
18 km brightnessat the lobesis comparableto that at the
star, whereastheir 10 km brightnessis only 4%E5% that at
the star. The disk morphology that we seeat 18 km is
consistentwith that seenby K98 in their Keck images.K98

did not resolvethe disk at 10km.

The mid-infrared radiation from HR 4796A originates
both in the stellar photosphereand in dustthat is heatedby
the starlight. The stellar photospheric Nux densitiesat 10
and 18 km are about 80% and 5%, respectively of the total
observedNuxdensities Although the 18 km stellar Nuxis a
small fraction of the total, it contributes a large fraction of
the emission of the central peak itself. To determine the
contribution of the stellar photosphere to the image, we
subtracted the stellar PSF from the image of HR 4796A

after registeringthe peaksand normalizing the comparison
starisNuxto that inferred for HR 4796A(Table 1). The PSF
star was located near HR 4796A and observedjust before
and just after it. Due to the hexagonalshapeof the Keck
primary and secondary mirrors, the PSF is hexagonally
shaped sothat, for the most accuratepoint-source subtrac-
tion or deconvolution, one cannot assumecircular sym-
metry of the PSF. During the 18 km observationsof HR
4796A, the PSF rotated about 23; relative to the imager
Peld of view (a rotation inherent in the altitude-azimuth
mount). From the observed PSFs we constructed a time-
averaged PSF appropriate to the rotational range of the
PSF during our observationsof HR 4796A.

The slightly smoothed (3 pixel) original and star-
subtracted 18 km imagesare shown in Figures 4a and 4b,
respectively The star wasassumedo be coincidentwith the
brightest part (Fig. 1b, Blledcircle), of the central maximum.
Subtraction of the stellar Nux removesthe central peak,
leaving a hole at that position. Becauseof the apparent
absencein HR 4796 of signibcantdust hotter than about
110 K, Jura et al. (1995)concluded that the disk has a
roughly 40 AU radius central holein it. This conclusionwas
subsequentlyconbrmedby the Brstdirect imagesof the disk
at D 20 km (J98; K98) and, more recently, by NICMOS
imagesat 1E2 km (Schneideret al. 1999; seebelow). We see
the hole directly in our 18 km image (Figs. 1b and 4a) as a
depressionbetweenthe central peak and each of the two
lobes; it is obvious in the image with the starlight sub-
tracted (Fig. 4b). Some tenuous emission may also be
presentin the inner region, i.e.,the region within D 046 of
the star. The appearanceof this residual emissiondepends
on how we characterizeand position the subtracted stellar
PSF. In the Appendix we addressbrieNy some aspectsof
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FIG. 4.EComparison of the 18.2km imagesof HR 4796Awith the model brightnessdistribution. North is up, and eastis to the left. Overlaid contour
levels(mJy arcsee-2) are linearly spaced(a) Observedimage smoothedwith 3 pixel Gaussian,with contour levelsthe sameasin Fig. 1b. (b) Observedimage
after subtraction of stellar photospheric emission.Contour levels: 58,93, 128,163,198,234,269, 304, 339, and 374.(c) Model brightnessdistribution. (d)
Residualemission,correspondingto the diterencebetweenthe star-subtractedand model brightnessdistributions. Contour levels: 20,40,and 60.

how the computedresidualis atectedby slight errorsin the
position and width of the PSF usedto subtract HR 4796Als
starlight. .

We also subtracted the stellar photospheric 10 km Nux
from the 10 km image. The central hole is evidentin that
subtracted image, but the disk is so much fainter than the
star that the subtraction procedureis very uncertain. There-
fore, we do not have conbdencein the accuracy of this
result,insofar asit bearson the structure of the inner part of
the emitting region. However,those 10 km resultsare useful
in the context of estimating the characteristic size of the
mid-infraredEemitting particles(° 6).

There is some evidencethat the lobes are not of equal
maximum brightness the northeast lobe is 5.9%" 3.2%
brighter than the southwest lobe, where this asymmetry

correspondsto the diterencein the lobe peak brightnesses
divided by their mean. This value for the asymmetry
includes a 0.8% correction for an asymmetry in the PSF.
The formal statistical signibcanceof the brightness asym-
metry of the lobesis therefore 1.8. The brightnessasym-
metry itself was determinedby btting a polynomial to a 10
pixel] 10 pixel (0A6] 046) region approximately centered
on each peak. The uncertainty associatedwith this asym-
metry was establishedby convolving the best-bBtmodel (° 4)
with a Gaussian approximation to the PSF, applying
Gaussian noise like that observed acrossthe array, and
btting the polynomial as mentioned above. After repeating
this procedure 50,000times, we computed the rms devi-
ation, which constituted the formal uncertainty. This asym-
metry may also be apparent in the 10 km image
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(particularly in the scanin Fig. 8b, discussedelow) and in
the NICMOS image(Schneideret al. 1999).The asymmetry
is discussedin a much broader context in the companion
paperby W99. We brieNycommenton it below.

4. MODELINGHEBRIGHTNEBSTRIBUTION

J98and K98 modeledtheir D 20km imagesof HR 4796A
to infer structural properties of the disk. Both models
assumedoptically thin, passivedisksin which the dust par-
ticles have an infrared emission efficiency varying with
wavelengthas j ~1. J98 found that an edge-ondusty disk
with an inner hole radius somewheren the range40E30 AU
provides an adequatebt to the spectralenergydistribution
and the image. The higher resolution Keck image obtained
by K98 more tightly constrainstheir thin-disk model, from
which they infer an inner hole radius of 55* 15 AU and a
diskinclination of 18j(] 9i,[ 6i)from edge-on.

In the companion paper,W99 presentresultsof modeling
the 18 km brightnessdistribution of HR 4796A. Sinceit is
relevantto our estimate of the grain sizeand to the com-
parison of our resultsto the HST/NICMOS observations,
we summarizethe model here.W99 considerthe dynamical
interaction of a circumstellar disk and a stellar or planetary
companion, a study initially motivated by the desire to
understand how such interactions generate asymmetries
and other structuresin circumstellardisks.A distribution of
orbiting dust particles is gravitationally perturbed by a
companion, and W99 examine the resultant orbital and
density distributions for dust grains of a given size and
composition. W99 ignore the etectsof radiation pressure,
assuming, in etect, that large, dynamically stable dust
grains, with bB 0, orbit HR 4796A; b is the ratio of the
radiation pressureforceto the gravitational force on a par-
ticle (called d, the overpressureratio, by Backman &
Paresce 1993). However, at least in the context of Mie
theory, we know that theselarge particles are not the ones
that we observein the mid-infrared. As discussedn ° 6, the
mid-infraredEemitting particles, if they are Mie spheresof
astronomical silicates(Draine & Lee 1984)areD 2E3km in
diameter, with the corresponding value bB 2. Radiation
pressurewill drive particleswith sucha high value of b out
of the systemon hyperbolic orbits in a few hundred years.
Based on this negligible lifetime and on estimatesof the
particle number density and collision ratesin the disk, W99
(see® 6 below) concludethat thesegrains must be collision
fragmentsof much larger particles. The spatial distribution
of larger particlesin the HR 4796Adisk is unknown, so,as
an alternative, W99 assumethat larger particles are distrib-
uted essentiallylike the smaller, 2E3 km size, Mie grains
emitting the observedmid-infrared radiation. By account-
ing for the temperaturedependencef the dust asa function
of distance from the star, they determine the spatial dis-
tribution of the mid-infraredEemitting grains from our 18
kmimage.

The model disk is not Natbut Nared,with a distribution
of orbital proper inclinations and proper eccentricitiesiden-
tical to those of the main-belt asteroidsin our own solar
system.The distribution of semimajoraxesfor the particles
is assumedo follow the relation n(@ P ac wheren(a) isthe
number of orbits per unit semimajor axis. For particle
orbits that are circular, which is approximately the casefor
the model orbits, the surfacenumber density as a function
of distancer from the star is thereforeproportional to rc-1.
The largestvalue, amakused for the semimajor axis of the
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dust orbits is 130 AU, although the results of the modeling
are not sensitiveto this value, since relatively little Nux
arisesnear the outer edgeof the disk. Key model param-
etersthat are varied to match the observationsare (1) the
exponentc; (2) the minimum value,a__., of the dust semi-
major axis,which controls the diameté%} the central clear-
ing; (3)the normalization of the density distribution ; and (4)
the inclination of the disk symmetry plane to the line of
sight. In addition, observedasymmetriesin the brightness
distribution are modeled by adjusting the common forced
eccentricity and the direction of the forced pericenterof the
disk particle orbits.

Figure 4c showsthe model brightnessdistribution at 18
km that is the bestbtto the star-subtractedimagein Figure
4b. The residual (observedminusmodel) is shownin Figure
4d. The model bts the lobes well, with nearly all of the
residual Nux located within 0A4 of the star. We are not
certain of the nature of the residual Nux. Some of it may
representreal Nuxfrom HR 4796Alsinner disk, but someof
it may result from imperfect subtraction of the stellar
photospheric Nux stemming from variations in the seeing
not manifested in the PSF-star images (which were of
shorter duration). We brieNy address this issue in the
Appendix.

The model disk inclination is 13;j* 1j from edge-on.A
Natdisk would be modeledas more face-onthan this, since
the disk Naring that we assumein the model accountsfor
some of the resolveddisk extensionthat we seealong the
minor axis (Fig. 3). For the distribution of semimajor axes,
c\[ 2”7 1. The resultant model distribution of surface
number density (i.e.,integrated normal to the disk) of 2.5
km grains is shown in Figure 5 in the form of a radial cut
through the azimuthally averageddisk (solid curve. The
surface density is relatively sharply peaked near 70 AU.
Exterior to this position, the surfacedensity decreasesvith
distanceapproximately asr~3. Interior to this position, the
surfacedensity drops steeply by a factor of 2 between70
and 60 AU, falling to zero by 45 AU. The model btimplies
a .\ 62~ 2 AU, but becausethe dust particle orbits are
a%¥lmedo be noncircular, the hole is not sharply debnedn
the models; i.e., the orbital eccentricity resultsin a small
rangein a particleisradial location, which softensthe holels
edge.Flat-disk models basedon the disk-discoveryimages
indicate comparable valuesfor the hole radius (J98; K98),
but the dynamical models considered here provide an
a priori basisfor understandingwhy a hole should have an
indistinct, or soft,edge.

How empty is the hole in the disk? We can estimatethe
optical depth in the hole by comparing the brightnessof the
residualemissionthere (assumedo representan upper limit
to emissionfrom dust) to the observedbrightness of the
lobes.Considerbrstthe optical depth in the disk lobes.The
southwestlobe is 54 AU in projection from the star. The
model temperaturethereis 113K (comparedto the black-
body temperatureof 81 K) and, ignoring projection etects,
the corresponding edge-on optical depth at 18 km is
D 0.002.The residual emission(observedminusmodel; Fig.
4d) at 20 AU (043) from the star is typically 0.2timesthat of
the lobes. The model temperatureat 20 AU is 163K, and
thus the 18 km edge-onoptical depth thereis D 5] 10~5,
which is about 3% of that of the lobes. Assumingthat the
ratio of the face-on optical depth to the edge-on optical
depth in the hole is comparableto that ratio at the lobes,
then the averageoptical depth of 18 kmEemitting dust in
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FIG. 5.EPlots of the surfacenumber density of the 2.5km dust grainsin the disk derivedfrom modeling the 18 km brightnessdistribution. The solid curve
is the azimuthal averageof the surfacenumber density, the dotted line and the dashedline indicate the density through the disk in the direction of and away
from, respectively the stellar companionlspericenter.The relative displacementof the dotted and dashedlines indicatesthe scaleof the displacementof the

disk centerfrom the star.

the hole appearsto be about 3% of that in the main part of
the disk at 60EL00 AU from the star. If any of the residual
emission results from poor PSF subtraction and is not
intrinsic to the source,the optical depth of the dust in the
hole could be evenlessthan this. The central clearedregion
appearsto berelatively very empty.

There has beenspeculationabout the causesof holesin
the centersof circumstellar disks (Lagage& Pantin 1994;
Juraetal. 1998, Strom, Edwards,& Skrutskie 1993; Roques
etal. 1994; J98; K98), and the disk in HR 4796Ais likely to
becomea strong focusfor thesediscussions(e.g. Jura et al.
1995; W99). We only wish to emphasizeherethat the pos-
sible disk brightness asymmetry is an interesting and
perhaps unexpectedmanifestation of the central hole. The
brightnessasymmetryin the model resultsfrom the gravita-
tional perturbation of the disk particle orbits by the low-
masscompanion HR 4796Bevenif the companionisorbit is
only moderatelyeccentric(W99).To Brstorder, the etectof
the perturbation is to shift the center of symmetry of the
circular disk from HR 4796Atoward the companionisapo-
center, where the companion spendsmost of its time; i.e.,
the long-term averageof the perturbation on the disk par-
ticles is directed toward the companionis apocenter. The
sideof the disk, and thereforethe hole edge that is closestto
the companionispericenteris shifted closerto the primary
star and is thereforewarmer (“pericenterglow ). The peri-
centerglow is adirect resultof therebeinga holein the disk.
If this model is valid and theseperturbations do arise from
HR 4796B,then HR 4796Blspericenter must be located
northeastof HR 4796A,and HR 4796Bis currently located
near its apocentersouthwestof HR 4796A.The scaleof the
shift of the diskis center of symmetry is indicated by com-
paring the dashed and dotted curvesin Figure 5, which
showsthe density distribution through the disk toward and
away from the stellar companionis pericenter. The disk is
shiftedonly afew AU, which, while a smallamount, leadsto

an arguably measurable brightness asymmetry. The per-

turber responsible for the shift of the disk need not be
exterior to the disk. A star or planet within the hole could

cause the same etect (W99); however, based on near-
infrared speckleobservations(Jura et al. 1995),the massof

any stellar companionlocatedbetweenlland 120AU from

HR 4796Amust belessthan 0.13M . The factthat we may
be detecting a brightnessasymmetry resulting from a shift
of afewAU in the disk centroid implies that the detectionof
signibcant dynamical etects on circumstellar disks by

stellar or planetary companionsis now within reach. The
HST/NICMOS imagespresentedby Schneideret al. (1999)
may conbrmthis pericenterglow (° 5 below).

5. COMPARISORMIDINFRAREBNDHST/NICMOS
IMAGES

Schneideret al. (1999)haveimagedthe HR 4796Adisk at
1.1and 1.6 km with NICMOS. They useda 046 diameter
coronagraphic spot, but, owing to a variety of instrumental
etects,the data in a D 1A3 diameter region are unusable.
Their imagesshow clearly what appearsto be a relatively
narrow ring inclined to the line of sight. Assumingthat the
ring is intrinsically circular, they determine a major-axis
position angleof 26;8" 0j6and aninclination of the line of
sight of 73j1" 12, in agreementwith our estimates(W99;
see’® 3 and 4 of this paper) and those of K98. The mean
radius of the ring is 70 AU, and, after quadratic subtraction
of the PSF, the full width of the annulusis estimatedto be
17 AU (Schneider et al. 1999). The relatively sharp
maximum in the density near 70 AU determinedfrom our
modeling of the OSCIR observationsagreespreciselywith
the value derived by Schneideret al. (1999)for the mean
radius of the ring basedon the NICMOS observations.We
now considera more detailed comparison.

In Figure 6 we showour 10and 18 km contours overlaid
on the 1.1km NICMOS image.Keeping in mind the diter-
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FIG 6.EOverlay of (a) 10.8and (b) 18.2km contours on the 1.1km HST/NICMOS imageof HR 4796Adisk from Schneideret al. (1999).The angular
resolutions (FWHM) of the imagesare: 0A12 at 1.1km; 0A32 at 10.8km ; 0A45 at 18.2km. In both images eastis approximately down, and north is to the left
(seeSchneideretal. 1999).In this orientation, the companion star HR 4796Bis locatedto the upperright.

encesin the resolutions of the images(FWHM : 0AL2 at 1.1
km; 0A32 and 10.8 km; 0A45 at 18.2km), we seethat the
overall coincidenceof the mid-infrared and near-infrared
emissionis excellent.However, the 18 km lobesare located
noticeably closer to the star than are the bright 1.1 km
peaks.The peaksof the 18 km lobesare separatedby 1473,
comparedto 2410 for the peak-intensity positionsat 1.1km
(Schneideret al. 1999).To assess$he nature of this otset,we
considered a perfectly thin ring (annulus) of dust with
uniform number density and the temperature distribution
derived in the W99 models. We assumeda mean annular

radius of 70 AU and an annular width of 17 AU and com-
puted the 18.2 km brightness at each point in the ring,
which we convolved with the observed18.2 km PSF. In
Figure 7 we compare the brightnessdistribution along the
major axis expected for this convolved model to the
observedbrightnessdistribution.

This comparison implies that D 60% of the 0A37 diter-
encein the separation of the peaks at 1.1 and 18.2 km
resultsfrom the lower resolution of the 18 km image.Figure
7 indicatesthat the uniform-annulus model resultsin an 18
km distribution with lobes displacedto larger radii and
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FIG. 7.EComparison of major-axis cut through the lobesof our 18 km star-subtractedimage (solid curve to that expecteddottedcurve) from the simplest
disk model inferred by Schneideret al. (1999)from their NICMOS image.The left side of the scanis northeast of the star. The model disk is a thin annulus
with a meanradius of 70 AU, a width of 17 AU, a uniform density,and the temperaturefallot with radius determinedby W99. The Schneideret al. (1999)
model hasbeenconvolved with the observed18 km PSF. The dashedcurve showsthe result of subtracting from the observationsa stellar PSF that hasan

additional 0A35 seeingasdiscussedn the Appendix.

appearingsomewhatnarrower than actually observed.The
discrepancyin slopeis primarily on the insidesof the lobes.
The observed outer slope of the northeast lobe is well
matched by the model, while the match of the southwest
lobe is noticeably poorer. We do not think that thesediter-
encesbetweenthe NICMOS-based model and the 18 km
observations result from inaccurate subtraction of the
stellar PSF from the 18 km image. Figure 7 gives some
indication of the small dependenceof the shapeinferred of
the inside of the disk lobes on the assumedshape of the
PSF; we show the Nux distributions resulting from use of
the nominal, observedPSF (solid curve and the samePSF
with an additional 0A35 of seeing (dashed line; see
Appendix). Rather, the diterencein the observations and
the brightnessexpectedfrom the model may result from the
annulus having a somewhat soft inner edge. Primarily
becauseof the lower resolution of the 18 km observations,a
more gradual densityfallot on the inside of the annuluswill
both shift the observedpeaksinward and decreasehe inner
slopeof the lobes.The excellentagreementin the location of
the peak density in the disk, as determinedfrom models of
the OSCIR images,and the averageradius of the annulus
determined from models of the HST/NICMOS images,
suggeststhat it is this inner density rollof, or a similar
rebnement such as excessemission in the hole, that
accountsfor the relative locations of the observedemission
peaksin the two data sets.A slower density fallot on the
outside of the annulus would elevate the 18 km wings,
although we seethis only on the southwestside of the disk.
As shown by W99 and discussedin the previous section,
one may account for a soft-density fallot on the inside of
the annulus by the kinds of dynamical properties antici-
pated (and assumedin the W99 models) for the orbiting
dust particles.

Figure 6 showsthat at 1.1 km the northeast side of the
annulusis noticeably brighter than the southwestside.This
asymmetry is not evident in the 1.6 km NICMOS image.

This asymmetry may support our, albeit marginal, detec-
tion of the pericenterglow at 18 km. However, oneis seeing
emissionfrom dust particles at 18 km but scattering from
dust (and probably a diterent population) at 12 km. We
speculatethat the massshift that may resultin the enhanced
lobe brightnessat 18 km could also enhancethe scattering
of light there. Detailed models that incorporate realistic
scattering functions must be carried out to explore this
interestingpossibility.

6. THEMIBINFRAREEMITTINGUST

6.1. T he CharacteristicParticle Size

Circumstellar dust spansa range of compositions and
sizes.However, for a given composition, one can derive
from observationsat two wavelengthsa unique particle size
that is arguably characteristic of the dust responsible for
that emission.The basisfor this estimateis that the emis-
sion efficiency,and thereforethe temperature,of a dust par-
ticle dependson its size.We madean initial estimateof the
sizeof dust particlesin HR 4796Aby taking the ratio of the
10 and 18m Nuxesin the lobes (after correcting for the
diterent PSFsat the two diterent wavelengths)and com-
paring it with that expectedfrom Mie silicate spheresof
diterent sizeswhich havediterent emissionefficienciesand
consequentlyditerent temperatures.The formal value of
this initially estimated diameter was 2.5 km. (Mie silicate
grains of this diameter have infrared emission efficiencies
varying approximately asj~1.9) This initial estimatewas
then usedto do the modeling describedin ° 4, which was
repeatedusing 2 and 3 km diameter particles.In Figure 8a
we show the resultant scanalong the major axis of the 18
km image from which the stellar photospheric emission
(usingthe nominal PSF; seeAppendix) hasbeensubtracted.
The model discussedaboveprovidesa good Btto the 18km
lobe structure for a range of assumeddust sizes.However,
Figure 8b showshow the 10 km brightnessconstrains the
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FIG 8.EComparison of (a) the star-subtracted18.2km and (b) 10.8km scansjndicated assolid lines,along the disk major axis of the HR 4796Adisk. The
left sideof eachscanis northeastof the star. In the 18 km scan,the featureswithin D 0A3 of the stellar position are probably artifacts resulting from imperfect
PSF subtraction. Only the lobesof the 10 km scanare shown (seetext). The 18 km brightnessdistribution hasbeenmodeled,asdescribedin the text, using
sphericalMie silicate particlesthat are 2,2.5,and 3 km in diameter. The correspondingscanof the 10.8km Nuxdistribution expectedfrom a disk composed
of eachof theseparticlesindicatesthat the 10.8km brightnessin the lobesis bestbttedby 2.5km diameter particles. Thus, in the context of Mie theory, the
grainsare constrainedto beafewmicronsin diameter.

diameter to 2.5 km, consistentwith our original estimate. are unlikely to be simple spheresthe implications of which
We concludethat, under the assumptionthat the particles wearein the processof considering.
we seein the lobes are astronomical silicate Mie spheres,

2E3 km diameter grains provide a reasonablebtto the lobe 6.2. Particle Evolution
mid-infrared colors. Of course,basedon studies of inter- We can considerthe etectsof the stellar radiation on 2.5
planetary dust particlesin our solar system(e.g.,Gustafson km sizegrains by estimating the value of the parameterb,

1994),t is evidentthat the dust particlesin HR 4796Alsdisk the ratio of the radiation pressureforceto the gravitational
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force on a particle. As summarizedin Artymowicz (1988)
and elsewherebP SQ _T(L,/M,)/Ro, whereR is the parti-

cle radius, o is its derisity, SQ_T is the radiation pressure
efficiency averaged across thePStellar spectral energy dis-
tribution, and L, /M is the ratio of the stellar luminosity

and mass.W99 have computed the value of b for 2.5 km

diameter silicate spheresnear HR 4796A; they assumed
L.\ 21L ,M,\ 25M ,ando\ 2.5gcm~3, and they
compute SQ T using a stellar spectral energy distribution

for the AOP'V star Vega (M. Cohen 1999, private

communication). They derive the value b\ 1.7 for the
grains that characterizethe mid-infraredEemitting particles
in HR 4796Aisdisk. If onetakesinto accountthe diterences
in spectraltype and assumedyrain density, this value agrees
reasonablywell with the one that can be derived from the
resultsin Artymowicz (1988 seehis Fig. 1), who computed
b for the star b Pic and for a variety of grain materials
including the astronomical silicatesof Draine & Lee (1984).
Dust grainsthat are createdin collisions,and for which b is
greaterthan D 0.5, have hyperbolic orbits ; they are blown

beyond D 100AU and out of the systemon essentiallyfree-
fall timescaleson the order of a few hundred years. Thus,
the 2E3 km grains we seeorbiting HR 4796A are not pri-

mordial ; one expectsvery few of them in this disk (seealso
Jura et al. 1995). The detailed analysis by W99 (seealso
Artymowicz 1997)implies that the collisional lifetime of the
dust in HR 4796Ais roughly 104 yr acrossthe disk. The
mid-infraredEemitting particles are probably relatively
recent fragmentsof collisions that dominate both the cre-
ation and destruction of dust there.

7. SUMMARANDCONCLUSIONS

1. Our new 10 and 18 km imagesof the circumstellar
disk around the A0 Vega-typestar HR 4796Aimagesshow
extendedwell-resolvedemissionat 10km in addition to the
previously discovered 18 km emission (J98 K98). The
resolution of both imagesis closeto the Keck difraction
limit. The sizeof the 10.8kmEemitting region is comparable
to that at 18 km, implying that most of the 10 kmEemitting
particlesare mixed with, or identical to, thoseemitting at 18
km.

2. Modeling of the disk brightness distribution (W99)
implies that a pronounced maximum in the surfacedensity
occurs at approximately 70 AU from the star. This value
equalsthe meanannular radius deducedby Schneideret al.
(21999) from their HST/NICMOS images. The best-bt
model surfacedensity exterior to 70 AU falls steeply with
distanceasr~3. Interior to 70 AU, the density drops steeply
by a factor of 2 between70and 60 AU, falling to zeroby 45
AU, which correspondsto the edgeof the previously dis-
covered central hole; in the context of the dynamical
models,this “’softiledgefor the central hole resultsfrom the
factthat the dust particle orbits are noncircular.

3. Basedon the images,the optical depth in the central
clearing zone,or hole, is D 3%, or less,of that in the main
part of the disk. Thus, the hole is indeedrelatively empty.
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4. We presenttentative evidence(1.8) that the 18 km
lobesare of unequalbrightness.Detailed modeling of the 18
km brightness distribution basedon dynamical consider-
ations and presentedin a companion paper (W99)indicates
that sucha brightnessasymmetrycould result from gravita-
tional perturbation of the disk particle orbits by the low-
massstellar companion or a planet. The perturbation shifts
the disk center of symmetry away from the companionis
pericenter; to Brstorder, this shift correspondsto a spatial
shift of the centerof the circularly symmetricdisk. This shift
brings the inside edgeof the annulus closerto HR 4796A,
which makesthat edgewarmer and more infrared-emitting
(“pericenterglow 1l than the other sideof the annulus. This
measurablebrightnessasymmetry correspondsto a spatial
shift of the disk of only a few AU, and so the detection of
even fairly complex dynamical etectsof planets on disks
appearsto be within reach. The recent 1.1 km NICMOS
image (Schneideret al. 1999)may show evidencein support
of the pericenterglow.

5. We compare our 10 and 18 km imageswith recent
NICMOS imagesof HR 4796Aat 1.1and 1.6km that show
what appearsto be a relatively narrow ring, or annulus,
inclined to the line of sight and with a meanradius of 70 AU
and an annular width of D 17 AU. The overall coincidence
of the near-infrared and mid-infrared structure is excellent.
However, even after accounting for diterencesin angular
resolution, we Bnd that the 18 km distribution expected
from the NICMOS-based model diters somewhatfrom the
observed distribution. These diterencessuggestthat the
annulus has a *“softil inner edge,which may correspondto
the density fallot expectedfrom considerationsof particle
dynamics.

6. Using the 10 and 18 km images,we estimatethat the
mid-infraredEemitting dust particlesin the main part of the
disk have a characteristic diameter of D 2E3 km. This esti-
mate is basedon the assumptionthat the particles are Mie
spheres composed of astronomical silicates. The corre-
sponding value of the parameter b, the ratio of the
radiation-pressureforce to gravitational force on the parti-
cle,is 1.7.Particleswith b[ 0.5are expectedto be quickly
blown out of the system. We conclude that the mid-
infraredEemitting particles in the HR 4796A disk are not
primordial, but rather that they are relatively recent and
transient collision fragments.
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Observatory personnel for their outstanding support of
OSCIR asa Keck Il visitor instrument. Use of OSCIR at
Keck was supported in part by NSF and NASA grants to
the University of Florida and the PennsylvaniaState Uni-
versity at Erie.

APPENDIX

We pointed out in ° 3 that someof the inner tenuousemission(within 046 of the star) apparentin the star-subtracted18 km
imageof HR 4796A (Fig. 4b) and asresidual emissionin Figure 4d may be an artifact resulting from the useof an unsuitable
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FIG 9.EComparison of the 18 km disk emissionresulting from the subtraction from the observedimage (Fig. 1b) of a modestrangeof stellar point-spread
functions normalized to the expectedNuxof the star HR 4796A.North is up, and eastis to the left. As discussedn the Appendix, the intent of this exercseis
to illustrate the etecton the inferred inner disk structure of the useof an inaccurate,or slightly mispositioned, PSF. (@) Nominal observedPSF (FWHM
\ OAl5) subtracted at brightest spot (Fig. 1b, Plled circle). (b) Seeing-convolvedPSF (seeingFWHM \ 0A35) subtracted at brightest spot. (c) Nominal
observedPSF subtractedat centroid of highestcentral contour. (d) Seeing-convolvedPSF subtractedat centroid of highestcentral contour.

PSF. This mismatch could occur if there are low-frequency seeingcomponents sampled during the D 1 hr of chopped
integration time on HR 4796A (Table 1) that are not sampledduring the much shorter (D 1 minute) integration time on the
nearby star usedto determinethe PSF. (Given the limited amount of available observingtime, it is unrealistic to observethe
PSF star for the sameamount of time that we observethe program objects.)Here we brieNyexaminethis issue.

Figure 9a presentsthe star-subtracted 18 km image presentedpreviously in ° 3 (Fig. 4b). That image resulted from the
subtraction of HR 4796Alsdirect starlight (photosphericemission)using the observedstellar PSF (referredto asthe nominal
PSF) and assumingthat the stellar peak is coincident with the location of maximum 18 km brightness(Fig. 1, Blledcircle).
Figure 9b showsthe result of instead subtracting a somewhatbroader PSF obtained by convolving the nominal PSF with a
Gaussianproblewith a FWHM of 0435. This might representsomeadditional seeingthat could have atectedthe image of
HR 4796Abut not the observedPSF starimage.In Figures9c and 9d, we repeatthis exerciseput with the star assumedo be
at the centroid of the highestcentral contour indicated in Figure 1b, i.e.,at OAL west-northwestof the Plledcircle in Figure 1b.
The intent of this exercisds to illustrate the sensitivity of the residualinner structure to the assumedstellar location.

We seethat eventhis modestamount of extra ““seeingl resultsin a star-subtractedimage of HR 4796Athat is noticeably
lessstructured at the disk center.This comparisonis also shownin the scansin Figure 7. Likewise, slight errors in positioning
the star result in some diterencesin the inferred inner-disk structure. However, although the emission structure diters
somewhatthe integratedresidual Nuxis virtually unchanged sincethe stellar Nuxis the samein both casesAs we havenoted,
the light cirrus evidentthroughout much of our Keck run may haveresultedin poor photometric conditions, but we do not
think this is the sourceof the residuals the photometry is generallyconsistentto within D 20%, and evenan error this largein
the PSF Nuxnormalization would only marginally etectthe residual.

We concludethat the detailed structure of the inner disk (within 046 of the star),asinferred from the star-subtractedimage
or the resultant image of the residual emission(e.qg. Fig. 4d), must be viewedwith caution. However, the integrated residual
Nuxis more robust and may bereal. If so,it may correspondto low-level dust emissionfrom within the central clearing.
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